Abstract: Understanding the relative fitness of naturally spawning hatchery fish compared with wild fish has become an important issue in the management and conservation of salmonids. We used a DNA-based parentage analysis to measure the relative reproductive success of hatchery-and natural-origin spring Chinook salmon (Oncorhynchus tshawytscha) in the natural environment. Size and age had a large influence on male fitness, with larger and older males producing more offspring than smaller or younger individuals. Size had a significant effect on female fitness, but the effect was smaller than on male fitness. For both sexes, run time had a smaller but still significant effect on fitness, with earlier returning fish favored. Spawning location within the river had a significant effect on fitness for both sexes. Hatchery-origin fish produced about half the juvenile progeny per parent when spawning naturally than did natural-origin fish. Hatchery fish tended to be younger and return to lower areas of the watershed than wild fish, which explained some of their lower fitness.
Introduction
Artificial propagation is a commonly used tool to conserve a wide variety of threatened species (Mallinson 1995) . Hatchery propagation, in which fish are bred and reared for part of their lives in captivity before being released into the wild, is widely used to supplement wild salmon populations (Naish et al. 2007 ). For example, over 4 billion anadromous juvenile salmon are released annually into the North Pacific Ocean from hatcheries in North America and Asia (Beamish et al. 1997) . Similar hatchery programs and large-scale closed-pen fish farming operations exist for Atlantic salmon (Salmo salar) in the North Atlantic Ocean and Baltic Sea. Hatcheries are increasingly intended to contribute to conserving natural salmonid populations, as well as to produce fish to mitigate for lost harvest opportunities (National Research Council 1996) . In particular, supplementation projects, in which natural spawning by hatchery fish is intended to augment a natural population's abundance, have become common throughout the Pacific Northwest (Naish et al. 2007 ) and Europe (Fleming et al. 2000) .
A key biological uncertainty about the effects of hatchery production on natural populations is the degree to which hatchery-produced fish can reproduce in the natural environment (Reisenbichler and McIntyre 1977; Ford 2002; Araki et al. 2008 ). Evaluating relative reproductive success is therefore critical for determining if the considerable investment society has made in hatchery supplementation is actually contributing to the recovery of salmon populations (Mobrand et al. 2005) . Accurately measuring the biological causes of variance in reproductive success is important not only for determining the benefits of conservation hatcheries, but also for evaluating the risks from fish that stray from ''production'' type hatcheries. The presence of large numbers of hatchery fish on spawning grounds can obscure the status of natural populations because their reproductive success is unknown (McClure et al. 2003) and may lead to reduced short-and long-term natural productivity because of genetic deterioration of the natural population as a result of interbreeding between naturally produced fish and hatchery fish (Lynch and O'Hely 2001; Ford 2002) . By quantifying the reproductive success of hatchery fish relative to that of fish from the natural population, the viability of natural populations receiving hatchery fish can be more accurately evaluated.
Even when the relative reproductive success of hatcheryproduced fish is quantified, the causes of fitness differences between hatchery and wild fish often remain unknown. Conceptually, there could be a wide variety of reasons why hatchery fish might have lower fitness than wild fish spawning in the same stream (Araki et al. 2008) . Even in cases where hatchery fish have low fitness, the conservation implications are likely to vary depending on why the hatchery fish are less fit. For example, if reduced fitness is largely due to environmental effects such as release location, this would probably lead to fewer conservation concerns than if fitness reductions were due to genetic differences in behavior or physiology.
In a recent review, Araki et al. (2008) concluded that hatchery-produced steelhead (i.e., sea-run rainbow trout, Oncorhynchus mykiss) generally have lower reproductive success in the natural environment than wild steelhead. In contrast, they noted that few data are available on the relative reproductive success of hatchery and wild Chinook salmon (Oncorhynchus tshawytscha) despite the extensive use of hatchery supplementation for this species (Independent Scientific Advisory Board 2003 , 2005 Araki et al. 2008) . Recently, several papers have reported on studies of hatchery Chinook salmon breeding success in laboratory or seminatural environments Pearsons et al. 2007; Schroder et al. 2008) , but there are no published studies of the relative fitness of this species in the wild.
In this study, we assess the relative reproductive success of naturally spawning hatchery-and natural-origin spring run Chinook salmon in the Wenatchee River, Washington, USA, by employing a genetic pedigree analysis and determine the degree to which differences in reproductive success between hatchery and natural Chinook salmon can be explained by biological characteristics such as run timing, morphology, and spawning location.
Materials and methods

Study population
Our study population consists of the spring run Chinook salmon that spawn in the Wenatchee River, Washington (Fig. 1) . The population is listed as ''endangered'' under the Endangered Species Act (Federal Register 70:37160) . Starting in 1989, hatchery supplementation has been used in an attempt to increase population abundance, and in recent years the hatchery program has produced >50% of the individuals in the population that spawn naturally. The hatchery program's focus is primarily on the Chiwawa River, a major tributary of the Wenatchee River. Wild and hatchery-origin broodstock for the supplementation program are collected at a weir in the Chiwawa River, and the offspring of those fish are released back into the Chiwawa River as yearlings. Although juvenile fish are released only in the Chiwawa River, as adults they return to spawn in all of the major spawning areas throughout the watershed (Murdoch et al. 2008) .
The population exhibits a ''stream-type'' life-history pattern (Healey 1991) in which adults return to fresh water in the spring several months prior to spawning, and juveniles migrate to the ocean during the spring 1 year following their emergence from the gravel (Healey 1983) . In wild populations of Chinook salmon in the Columbia River, including the Wenatchee River, most anadromous males become sexually mature between ages three to five, and most females become mature at ages four or five (Myers et al. 1998) . Another characteristic of stream-type Chinook salmon is that some male fish mature at 1 or 2 years of age without migrating to the sea (Rich 1920; Burck 1967; Mullan et al. 1992 ), but little is known about the reproductive success of these early maturing males.
Adult and juvenile trapping and sampling
In 2004 and 2005, beginning in early April and ending in early August, essentially all migrating spring Chinook salmon were trapped and sampled (scales, caudal fin clip) at Tumwater Dam, located at river kilometre (rkm) 43.7 on the Wenatchee River (Fig. 1, Table 1 ). Tumwater Dam is located below all of the major spring Chinook salmon spawning areas in the watershed, so we obtained samples from essentially all of the potential breeders, with the possible exception of those mature male parr that never migrated below Tumwater Dam and a very small number of adults that migrated after the trapping period ended. Biological data were collected from all adult salmon sampled (Table 1) . Each fish was identified to gender, scanned for passive integrated transponder (PIT) tags (fish without a PIT tag had one inserted during sampling) and coded wire tags and the presence or absence of the adipose fin (indicating hatchery or wild origin; all hatchery fish released in the Wenatchee watershed have a clipped adipose fin). Fork and post orbital to hypural plate length were measured to the nearest centimetre and weight to the nearest 0.01 kg. Subsequent identification of PIT-tagged carcasses recovered on the spawning grounds permitted the comparison of carcass recovery distributions of individual hatchery-and naturally produced fish. Spawning location was based upon location of carcass recovery and linked back to fish identity at Tumwater Dam by PIT tag information. Spawning ground surveys of all potential spawning habitat were conducted twice a week throughout the entire spawning season (Murdoch et al. 2008) . Carcass recovery location of each PIT-tagged fish was recorded using handheld GPS devices and converted to river kilometre using ArcView 9.2 (ESRI, Redlands, California).
Juvenile Chinook salmon samples (caudal fin clip) were taken from fish collected in rotary screw traps located on the lower Wenatchee River (rkm 9.6), Chiwawa River (rkm 1.0), and Nason Creek (rkm 0.8) (Fig. 1, Table 1 ). All rotary traps were located downstream from the majority of spawning habitat in each stream. The primary collection location was the lower Wenatchee River, which is below all spawning areas and operated from early February through August, although most yearling smolts were captured prior to 1 July. Depending on river discharge levels, one or two screw traps (1.5 m diameter) were operated, and trap efficiency ranged between 1% and 3%. Because of spring runoff, traps operated during 83% and 92% of the trapping period in 2006 and 2007, respectively. At tributary trap locations, yearling 
Microsatellite genotyping
Genomic DNA was extracted from fin clips according to the method of LaHood et al. (2008) . All individuals were genotyped at 11 microsatellite loci: Ots3 ; Ots104 (Nelson and Beacham 1999) ; Ots201b, Ots211, and Ots213 (Greig et al. 2003) ; Ots2M and Ots10M (Greig and Banks 1999) ; Ots519NWFSC (Naish and Park 2002) ; Oke4 (Olsen et al. 1998 ); Ogo4 (Olsen et al. 1998) ; and Ssa408 (Cairney et al. 2000) . Microsatellite loci were amplified by polymerase chain reaction (PCR), and allele sizes were electrophoretically resolved and scored according to the method of Winans et al. (2004) . For each fluorescent phosphoamidite-labeled primer set, the annealing temperature used was 48 8C (Ots3 and Ots104), 54 8C (Oke4, Ots10M, Ots213, and Ots519NWFSC), or 60 8C (Ogo4, Ots2M, Ots201b, Ots211, and Ssa408). Genotyping error rate per locus was determined by re-amplifying and rescoring microsatellite loci for a subset of individuals and calculating the number of alleles mis-scored over the total number of alleles observed at each locus. Error rates varied among loci and were generally~1%.
Parentage assignment
Parentage assignment methods and results are described in detail in a previous paper (Ford and Williamson 2009) . Briefly, assignment of parentage was calculated using the likelihood methods of Meagher and Thompson (1986) and Gerber et al. (2000) as implemented in the program FAMOZ (Gerber et al. 2003) . Individuals with missing data at more than one locus were excluded from the analysis. In addition, a small number (<2% of the samples) of summer run Chinook salmon, which are genetically distinct from the spring run population (Utter et al. 1995; Schwenke et al. 2006) , were excluded from the analysis on the basis of their genotypes. Each individual in a sample of progeny was tested against all potential pairs of parents, and a log of odds score was calculated for each potential pair of parents and offspring as the log of the ratio of the probability of a parent pair -offspring relationship compared with the probability they were drawn randomly from the population. The analysis assumed a per locus genotyping error rate of 0.1%, which was lower than our estimated error rate. In evaluating simulated data, however, it produced more accurate results than an error rate of either 0% or 1.5%, similar to what has been reported previously (Sancristobal and Chevalet 1997; Gerber et al. 2000) .
Ford and Williamson (2009) discovered a pattern of biased assignment failure, such that progeny of hatchery fish in this population were less likely to be assigned to the correct pair of parents than progeny of wild fish, because of higher levels of relatedness among the hatchery-origin fish. In situations where multiple parent pairs are compatible with some offspring, fractional assignment methods provide a statistically robust way to estimate selection gradients (e.g., Morgan and Conner 2001; Nielsen et al. 2001 ) and fitness differences between groups (Ford and Williamson 2009) . In particular, Ford and Williamson (2009) found that both fractional assignment and assignment to the most likely parent pair without use of a statistical threshold for assignment produced unbiased estimates of relative fitness. For the fractional assignments, only the 20 most likely parent pairs for each offspring were included in the analysis rather than every possible combination of parents. The rationale for this was to make the calculations computationally tractable. The specific value of 20 was chosen because the likelihood value of the nth most likely parent pair declines rapidly with increasing n, and likelihoods were essentially zero by n = 20. As a point of comparison for the fractional assignment results, we also conducted analyses based solely on the single most likely pair of parents for each progeny (i.e., n = 1).
Relative fitness and selection analysis
The fitness of an individual spawner was defined as either the number of offspring assigned to that spawner (for the analyses using the single most likely pairs of parents) or the number of fractionally assigned offspring (for the analysis using the fractional assignments). For the fractional assignments only, the initial fitness values were standardized by the mean fitness values within sexes and years.
In addition to simply comparing the mean fitness estimates of wild and hatchery fish within sexes and years, we also simultaneously evaluated the effects of the following traits on fitness: weight, run time (day of year), age, origin (hatchery or natural), and spawning location. To facilitate comparisons among sexes, traits, and years and to identify which covariates had the largest effects on fitness, traits were standardized within each sex and year by subtracting the mean and dividing by the standard deviation. Weight was cube-root-transformed prior to standardization such that it was a more linear function of length, and run time was converted to ordinal days for ease of analysis and to permit comparison between years. For the relative fitness estimates based on the fractional assignments, linear regression models were used to test the significance of each covariate following Lande and Arnold (1983) . For the ith parent, relative fitness can be written as
where 3 i~N ormal(0,s), and traits refer to origin, age, weight, run timing, and (for some models) spawning location. For calculation of p values in the linear models only, the relative fitness values were transformed by raising to the 0.2 power to improve normality. All effect estimates and comparisons between hatchery and wild fitness, however, are reported using the untransformed relative fitness values (Lande and Arnold 1983) . Because the relative fitness estimates based on the single most likely assignments are discrete variables, we used generalized linear models (GLMs) with a Poisson error distribution (''glm'' in the statistical package R with log-link and treatment contrasts). This framework assumes that the offspring for the ith parent have an approximately Poisson distribution (u i ). Covariates are used to predict the natural log of the mean:
There are several differences between the GLM approach and standard regression approach. With GLMs, we assume that the relationship between covariates and relative fitness is linear in log space or exponential in normal space. The identity link function may be used in some cases to force the relationship to be linear in normal space; however, most ecological data sets (including this one) result in convergence problems because the mean of the Poisson should never be allowed to be negative. A second important difference in these approaches is that the linear regression model introduces one additional parameter (resulting in slightly more flexibility) because it explicitly estimates a residual error parameter. Hierarchical versions of GLMs can be modified to include residual error, but because significance testing and model selection are not straightforward for these models, we did not consider them here.
Results
Genetic variation
Across the 11 loci, both hatchery-origin and wild-origin adults and their offspring had high and approximately equal levels of variation ( Table 2 ). The overall level of genetic differentiation among the four adult origin Â year combinations was low (F ST = 0.0039), but exact tests of differentiation among all pairs of populations defined by origin and sample year were highly significant (p < 0.00001 for all comparisons). The low level of differentiation is consistent with the high rates of gene flow between the hatchery and wild subgroups expected in this supplemented population. Expected two parent exclusion probabilities were very high: >0.999999 for both hatchery-and wild-origin parents.
Genotypic frequencies at several loci were significantly (p < 0.0001) out of Hardy-Weinberg expectations, but the absolute differences between observed and expected heterozygosity at all loci were small (Table 2 ) and likely represent a combination of nonrandom mating and failure to detect all large alleles at these highly polymorphic loci. The parentage assignment methods used are robust to both of these phenomena.
Phenotypic differences between hatchery and wild fish
Hatchery and wild fish differed in several characteristics (Table 3 ). In particular, in 2004 most of the hatchery males were 2-and 3-year-olds, whereas most of the wild males were 4-year-olds. The large numbers of 2-year-old hatchery males in 2004 led to a highly male biased sex ratio for hatchery fish in that year. For some comparisons within age, sex, and year, hatchery and wild fish differed significantly in run timing and weight, but these comparisons were not consistent between years.
One notable difference between hatchery and wild fish of both sexes was carcass recovery location. Within both the Chiwawa River and Nason Creek (the two largest spawning tributaries), hatchery fish were recovered significantly lower in the watersheds than wild fish (Table 3 ). There were also areas, such as the Wenatchee River main stem, that had large numbers of hatchery carcass recoveries but few or no wild carcasses.
Fitness of hatchery and wild fish in the stream environment
The fitness distribution estimated from the fractional offspring assignments was highly skewed, with a mode near zero and a tail of larger fitness values (Fig. 2) . Such a highly skewed fitness distribution is similar to what has Note: ''Alleles'' refers to the total number alleles in the combined samples. Exclusion probability was calculated using the formulas reported in Jamieson and Taylor (1997) as implemented in the FAMOZ program. It is the theoretical probability that a random pair of individuals drawn from a randomly mating population with the same allele frequencies as the observed parental population would be excluded as the parents of a randomly drawn offspring. H O and H E refer to observed and expected (under random mating) heterozygosity, respectively. The table includes all samples with data at five or more loci. been observed for other salmonid species, including coho salmon (Oncorhynchus kisutch; Ford et al. 2006 ) and steelhead (Seamons et al. 2004; Araki et al. 2007c ). The fitness distribution based on the most likely assignments appeared very similar (data not shown). When progeny were counted as subyearlings (2004 brood year only), we found no significant difference in progeny per parent for hatchery-and natural-origin fish if the comparisons were made within age classes, although hatchery fish produced fewer sampled progeny/parent for all age classes except age 5 females (Table 4) . When progeny were counted at the yearling stage, the 4-year-old (dominant) age class hatchery fish produced significantly fewer progeny per male and female parent than did 4-year-old wild fish in both 2004 and 2005. When all age classes were combined within each sex in either 2004 or 2005, hatchery males and females produced significantly fewer yearling progeny per parent compared with their wild counterparts.
In addition to wild origin, higher weight and earlier run timing were also associated with greater fitness (Fig. 3 , Table 5). The effect of weight was more important than the effect of run timing and was larger for males than for females (Table 5 ). Hatchery origin still had a significant negative effect on fitness, after taking into account the effects of weight, run timing, and age (Table 5) . A model that used progeny counts inversely weighted by daily trapping efficiency produced essentially identical results (data not shown).
We also investigated the effect of carcass recovery location, which was measured on the spawning grounds instead of at Tumwater Dam. Only~10% of the fish sampled at the dam were recovered as carcasses, so we combined data from both years for this analysis. Because only the Chiwawa River and Nason Creek had large numbers of hatchery and wild spawners with a range of recovery locations, we limited our analysis to these two streams. Carcass recovery location had a significant effect on fitness, with fish that spawned higher upstream producing more progeny than fish spawning downstream (Fig. 4, Table 6 ). For both the linear and GLM fitness models, the hatchery-origin effect was reduced (becoming less negative) when recovery location was introduced as a covariate (Table 6 ). For females, the hatchery coefficient in the linear model becomes nonsignificant and very close to zero when spawning location is included as a covariate, although the hatchery effect remains significant (but reduced in magnitude) in the GLM. Mean and SD refer to the mean and standard deviation, respectively, of the number of progeny per parent for specific origin, sex, age, and year class in question.
c H/W is the ratio of mean progeny number between hatchery and wild fish for specific age, sex, and year classes. Significance of differences in mean progeny number between hatchery and wild fish were calculated using a t test with bootstrapped p values to account for non-normality and are indicated with asterisks: *, p < 0.05; **, p < 0.01. Table 5 . Effects of origin, age, run timing, and weight on male and female relative fitness. The age 3 effect is the effect of being age 3 (instead of ages 4 or 5), independent from the effect of weight. It is only included in the analysis of males since all females were either age 4 or 5. 
Discussion
Fitness distribution
Like previous studies of salmon fitness, the estimated offspring numbers per parent in our study were highly skewed. There are several potential causes of this skewed distribution. First, the number of offspring sampled was a small fraction of the total juvenile population, and if more progeny were sampled the fitness distribution would move to the right. Second, many of the adults in fact produced no progeny, because prespawn mortality in this population is as high as 50% (Murdoch et al. 2008) . Finally, even among those fish that spawned, there appears to be a skewed distribution of progeny number, indicating a high variance in reproductive success.
Factors associated with low fitness of hatchery fish
Hatchery-origin adults in our study had less than half the mean fitness of their wild counterparts. This level of fitness reduction is similar to what has been observed in other species, particularly steelhead (e.g., Leider et al. 1990; Kostow et al. 2003; Araki et al. 2007a Araki et al. , 2007b . Like most steelhead hatchery programs, spring run Chinook salmon typically spend a full year rearing in the hatchery prior to release. If reduced fitness is correlated with hatchery residence time, then species that spend similar periods of time in hatchery rearing conditions might be expected to have similar reductions in fitness in the wild. However, a portion of the fitness differences we observed was explained by differences in spawning location, indicating that factors other then simply time spent in the hatchery can influence subsequent fitness.
For males, the relative fitness of hatchery fish was lower if all age classes were combined than if analyzed separately, because of the higher fraction of 3-year-old males among hatchery fish compared with wild fish. Hatchery fish have a tendency to mature at earlier ages than wild fish (Knudsen et al. 2006; Murdoch et al. 2008) , but the difference is subtle and does not explain the differences in age structure we observed. Instead, these differences were due mostly to an increase in hatchery releases starting in 2003, and the 3-year-olds that returned to spawn in 2004 were in high abundance owing to this strong hatchery cohort (A.R. Murdoch, unpublished data). Neither weight nor run timing differed consistently between hatchery and wild fish, and neither of these traits explained the reduced fitness of hatchery fish.
Other than differences in age structure, carcass recovery location was the only measured trait that differed notably between hatchery-and wild-origin fish. Carcass recovery location also had a significant effect on fitness, such that fish that were recovered higher in the watershed had higher average fitness than those that were recovered lower in the watersheds. When spawning location was included as a predictor, the model coefficients associated with hatchery origin became less negative for both females and males and became nonsignificant for females in one of the two models. Overall, these results indicate that spawning location explains a portion but not all of the reduced fitness of hatchery fish in this study.
To our knowledge, this is the first direct estimate of the effect of general spawning location on fitness in a natural stream, although the result is consistent with previous indi- Table 6 . Effects of origin, age, run timing, weight and spawning location on male and female relative fitness. rect observations, and there is a large literature on spawning site selection by salmon (reviewed by Quinn 2005) . For example, Hoffnagle et al. (2008) found that hatchery Chinook salmon females were distributed lower in an Oregon watershed than wild females, and they hypothesized that this could have a deleterious effect on the fitness of the population. Schroder et al. (2008) found that small differences in spawning location within an artificial stream contributed to reduced fitness of hatchery spring Chinook salmon in the Yakima River. The cause of the difference in spawning distribution in our study is probably due to the rearing methods and release location of the hatchery fish. Hatchery juveniles are initially reared in an offsite facility until 6-7 months of age, when they are transferred to a rearing pond near the mouth of the Chiwawa River. There, the fish are reared on a mixture of Chiwawa River and Wenatchee River water until they are released as smolts. Salmon are known to imprint on chemical cues in the water (Quinn and Fresh 1984; Quinn 1993) . It is therefore not surprising that returning hatchery fish tend to spawn in the lower reaches of the Chiwawa River and areas nearby in Nason Creek and the Wenatchee River, since this is the area to which they imprinted as juveniles. Assuming that sufficient habitat capacity was available, releasing fish higher in the watershed might therefore result in improved fitness of the returning hatchery adults.
Our results do not directly address the mechanism by which spawning in the lower reaches of the Chiwawa River and Nason Creek leads to lower fitness, but there are two plausible factors. First, the density of spawners is higher in the lower reaches, owing to the large number of hatchery fish produced by the supplementation program. Second, the spawning and rearing habitat in the lower reaches are more impacted by roads and development (Upper Columbia Salmon Recovery Board 2007). Other aspects of the effect of spawning location remain to be explored. For example, relatively few wild fish but considerable hatchery fish spawned in the Wenatchee River proper, and this choice of spawning location may also contribute to the overall reduction in hatchery fish fitness.
One limitation of our study is that it does not directly estimate the genetic versus environmental components of differences between the hatchery and wild fish. In particular, the hatchery and wild spawners experienced different juvenile rearing environments, which could lead to environmentally induced differences in behavior or physiology that in turn lead to differences in fitness. The difference in spawning location between the two types of fish, for example, is probably due to differences in their early rearing environment. However, even after accounting for spawning location, hatchery fish remained less fit than wild fish (especially males), and some of those differences could be due to genetic effects or environmentally induced effects on traits we did not measure. For example, there have been studies that have found differences between hatchery fish in a variety of behavioral (e.g., Riddell and Swain 1991; Fleming and Gross 1992) , morphological (e.g., Fleming and Gross 1989) , and physiological traits (e.g., Hill et al. 2006) .
We found larger effects of hatchery origin on fitness compared with some other recent studies of Chinook salmon in seminatural environments. In particular, Schroder et al. (2008) found that egg to fry survival for first generation hatchery females was 0.94 times that of wild females when measured in an artificial stream channel. There are several potential reasons for the greater differences in fitness in our study. First, the Wenatchee River supplementation program was started in 1989, and returning hatchery fish have comprised 36%-70% of the broodstock since 1994. The Yakima River program started in 1997 and uses only wild fish for broodstock, so the hatchery fish in the Wenatchee River have experienced more generations of domestication selection than the Yakima River fish. Second, we measured fitness over a longer period of the life cycle, allowing for more opportunities for differences in fitness between wild and hatchery fish to manifest. Third, a portion of the fitness differences we observed was due to large-scale differences in spawning location, which would not be able to be manifest in a spawning channel. Finally, the Wenatchee study was in a natural setting, compared with an artificial stream channel in the Yakima River. It is possible that the natural environment is less benign to hatchery-produced fish than the stream channel, leading to greater differences in fitness.
